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DETERMINED RATIO OF TRANSFERRIN TO DOXORUBICIN, ITS METHOD
"~ OF MANUFACTURE AND ITS METHOD OF USE

FIBLD OF THE INVENTION

This invention relates generally to the field of bio-affecting materials and more
specifically to substantially homogeneous protein-drug conjugates, the method of their
msaking and the method of their use.

BACKGROUND OF THE INVENTION

Two of the most devastating problems m cancer treatment are drug-toxicity,
which debilitates patients, and drug-resistance, which is normally countered with even
higher drug dosages and thus amplifies the problem of drug-toxicity, ofien resulting in
death. One way to solve the problem of drug-toxicity is to deliver drugs so they are
targeted only to cancer cells. Many researchers are working to develop antibodies to
deliver drugs, and this approach holds promise, but antibodies are not without problems.
For example, antibodies often bind to normal tissues, and they also can damage blood
vessels (e.g., vascular leak syndroms) and cause dangerous allergic reactions (e.g.
anaphylaxis).

Research is also progressing in connection with the use of conjugates of
trasferrin and anticancer drugs as described in US patent mumbers 5,108,987; 5,000,935;
4.895.714: and 4,886,780. The inventions described in these patents do not use
autibodies. Instead, they use a protein found in'normal human blood. This protein is
transferrin, which delivers iron. Normal cells rarely require iron, but cancer cells require
large amounts of iron to maintain their pathologically increased rates of metabolism.
Because cancer cells require more iron, they have transfernin receptors substantially
permanently on their surfaces, whereas normal cells do not. These mventions exploits
these receptors by administering anticancer drugs bonded to transferrin, which delivers
the drugs substantially only to transferrin receptors on the surface of cancer cells.

Drug targeting spares normal cells, requires less drug, and significantly
dimjnishes drug-toxicity. In contrast, when anticancer drugs are administered without
being targeted, they kill normal cells as well as cancer cells. They are particularly toxic to
cells of the immmume syster and to the system responsible for blood clotting. Thus,

infections and bleeding are principal complications of chemotherapy in cancer patients.

These complications require expensive services, hospitalizations, intensive care, and life-
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support systems, which are uncomfortable and expensive for the patient. These problems
are largely preventable by using targeted delivery systems.

The problem of drug-toxicity consumes huge blocks of the time of doctors and
nurses, and 1s responsible for much of the cost of cancer care. For example, it is
commonly understood that about 70% of calls to oncologists relate to a problem of drug-
toxicity. Today there 1s no satisfactory way to treat drug-toxicity, except to use less drug.
Targeted delivery allows the use of less drug, because more of the administered drug is
delivered specifically to cancer cells rather than being nonspecifically distributed around
the body. In this sense, targeted delivery is like shooting with a rifle, while conventional
delivery 1s like shooting with a shotgun. A solution to the problem of drug-toxicity will
dramatically transform chemotherapy in cancer patients. It is a purpose of this invention
to reduce such adverse effects of chemotherapy.

The problem of drug-resistance is equally as serious as the problem of drug-
toxacity. This problem is typified by a patient diagnosed with cancer who is treated and
responds with a symptomless remission that lasts many months, and who later sees the
cancer returns in a form that no longer responds to any known drug. This scenario of
drug-resistance is all too common. Yet today there is no satisfactory solution, except the
use of larger amounts of more powerful drugs that in turn can cause serious drug-toxicity
problems, often resulting in death. A solution to the problem of drug-resistance would
significantly diminish the problem of drug-toxicity. Transferrin-targeted drug delivery
can overcome the problem of drug-resistance. Thus, another purpose of the present
invention 1s to resolve the issue of painful and expensive deaths from drug-resistant
cancers.

The effectiveness of proteins conjugated with bio-affecting molecules has been
demonstrated and is described in the US patents mentioned above. It has been
determined; however, that the efficiency of such conjugates in treating stressed cells, such
as cancer cells, 1s reduced by the presence of agglutinated conjugates or by the presence
of conjugates of a bio-affecting molecule with protein fragments or with two or three
protein molecules and is greatly enhanced when the protein to bio-affecting molecule
ratio 15 closer to 1:1. Obtaining conjugates of higher efficiency has, in the past, been a
slow, tedious and expensive process that requires separating a fraction of conjugate
having the desired average ratio of bio-affecting molecule to protein from a larger sample
comprising such molecules conjugated with protein fragments, with a plurality of proteins

and proteins conjugated with a plurality of bio-affecting molecules. Using homogeneous
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protein-drug conjugates in which the protein component carries a predetermined number
of bio-affecting molecules can more effectively kill both drug-resistant and drug-sensitive
cancer cells. The past expense and mefficiency inherent in producing useful conjugates in
a useful volume has been a problem for the commercialization of such conjugates and for
their widespread use in medicine. There is a need for a substantially homogeneous drug-
protein conjugate and for a method of making such a conjugate that is more efficient,
more precise and less costly. It is one purpose of this invention to provide such a
homogeneous conjugate made by a more efficient method.

DESCRIPTION OF THE RELATED ART

The first report of transferrin receptors on human cancer cells was by Faulk and
colleagues in 1980 (1). This was followed by many reports of transferrin receptors in

different types of human cancers (2), as seen in the following Table.

Tumor Studied Reterences Tumor Studied Reference
Breast 1,3 Gastrointestinal 10
Leukemia 4,5 Ovary 11

Lung 6 Non-Hodgkin’s lymphoma 12

Brain 7 Lymphoma/melanoma 13, 14
Liver 8 Nasopharyngeal 15
Bladder 9 Cervix 16

Transferrin Receptors on Normal and on Cancer Cells.

No single study has asked if all human cancers have up-regulated transferrin
receptors, or if all normal cells have down regulated transferrin receptors, but data from
many quarters suggest that the answer to both questions is yes. For example, immature
erythrocytes (1.e., normoblasts and reticulocytes) have transferrin receptors on their
surfaces, but mature erythrocytes do not (17). Circulating monocytes also do not have
up-regulated transferrin receptors (18), and macrophages, including Kupffer cells, acquire
most of their iron by a transferrin-independent method of erythrophagocytosis (19). In
fact, m vivo studies indicate that virtually no iron enters the reticuloendothelial system
from plasma transferrin (for review, see reference 20). Macrophage transferrin receptors
are down regulated by cytokines such as gamma interferon (21), presumably as a
mechanism of iron-restriction to kill intracellular parasites (22).

In resting lymphocytes, not only are transferrin receptors down regulated, but the
gene for the transferrm receptor is not measurable (23). In contrast, stimulated
lymphocytes up-regulate transferrin receptors in late G; (24). Receptor expression occurs

subsequent to expression of the c-myc proto-oncogene and following up-regulation of IL-
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2 receptor (25), and is accompanied by a measurable increase in iron-regulatory protein
binding activity (26), which stabilizes transferrin receptor mRNA (27). This is true for
both T and B lymphocytes (28), and is an IL-2-dependent response (29).

Cell stimulation resulting in the up regulation of receptors for transferrin is known
to result from stress experienced, for example, by cells invaded by a viral factor and by
cancer cells.

Up-and-down regulation of transferrin receptors for normal and tumor cells has
been shown by studies of antigen or lectin stimulation (i.e., receptor up-regulation), and
by studies of differentiation models (30-33) using retinoic acid (i.e., receptor down-
regulation). Base-line data from these experimental models suggest that these receptors
are down regulated from the plasma membranes of most normal, adult, resting human
cells (34). Exceptions are the circulatory barrier systems, which include the materno-fetal
barrier with its transferrin receptor-rich syncytiotrophoblast (35); the blood-brain barrier
with 1ts transferrin receptor-rich capillary endothelial cells (36); and, the blood-testis
barrier with its transferrin receptor-rich Sertoli cells (37).

Mechanism of Cell Killing by Transferrin-Drug Conjugates.

Transferrin-doxorubicin conjugates bind to plasma membranes by sequentially
employing two reactions; initially the transferrin component is bound by transferrin
receptors, after which the doxorubicin component is bound by the lipid bilayer, primarily
by interacting with cardiolipin and charged phosphates (58). Thus, bound through protein
and phospholipid receptors, the conjugates are positioned to activate signal transduction
pathways by receptor dimerization, lateral mobility and cytoplasmic calcium mobilization
(61).

One mechanism involved in the killing of tumor cells by transferrin-doxorubicin
conjugates is the mhibition of plasma membrane redox enzymes, particularly the
mnhibition of NADH-oxidase (62). Inhibition of NADH-oxidase causes cell death (63),
and doxorubicin is an efficient inhibitor of this enzyme (64,65). Transferrin-doxorubicin
conjugates inhibit NADH-oxidase (66), as well as down-stream reactions initiated by
NADH oxidation, such as loss of electrons and exchange of protons through the sodium-
hydrogen antiport (67).

A second mechanism of cell killing by transferrin-doxorubicin conjugates
involves the molecular control of transferrin receptors. For example, chelation of
microenviromental iron initiates apoptosis in tumor cells but not in normal resting cells

(68), and such chelation enhances significantly the cytotoxic effect of cytosine
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arabinoside (69). Drug-resistant cells are much more sensitive to iron restriction, due to

their inability to stabilize transferrin receptor mRNA | and excess iron destabilizes

‘transferrin receptor mRNA more effectively in drug-resistant than in drug-sensitive celis,

5 A third mechanism involves redox-active products of oxidative stress (71). For

example, nitric oxide disassembles the ron-sulfur cluster, allowing ron-regulatory

proteins to bind and protect iron-response elements (72). Hydrogen peroxide causes the

same effect (i.e., up-regulation of transferrin receptors), but transferrin receptors are down

regulated by the mitrosium ion, which causes nitrosylation of thiol groups within the ron-
10 sulfur cluster (73). In summary, there are at least three mechanisms involved 1n the

killing of cells by transferrin-doxorubicin conjugates.

Until now, the widespread treatment by such mechanisms of cells under stress and

having up regulated transferrin receptors has effectively been blocked by the expense and
time required to isolate a fraction of a protein-drug conjugate that contains a controlled

15 ratio of protein to drug with substantially no dimers, polymers or fractions of protem from
a reaction product that is likely to contain mostly such undesirable fractions. (As
mentioned elsewhere, proteins such as transferrin that are agglutmated, fractionated, or
the like will not interact correctly with transferrin receptors, if at all.) The mefficiency of
the past process has made the ireatment of cancer cells and of cells infected with a virus

20 by these mechanisms economically unattractive.

Transferrin-Drug Conjugates i Laboratory Animals
The efficacy of transferrin-drug conjugates has been imnvestigated in several animal

‘models. For example, conjugates of transferrin with diphtheria toxin decrease

xenografted gliomas in nude mice by 95% on day 14, and the ghiomas did not recur by

25 day 30 (74). Also, glutaraldehyde-prepared transferrin-doxorubicin conjugates have been

found to rescue nude mice from death by human mesothelioma cells, significantly

prolonging hife compared to animals treated only with doxorubicin (75). 1n addition,

transferrin has been coupled to herpes sumplex thymidine kinase by using biotin-

streptavidin technology , and these conjugates significantly prolonged life m nude mice
30 moculated with metastasizing K562 tumor cells (76). Finally, the maximum tolerated

dose of human transferrin-doxorubicin conjugates in nude mice has been found to be 20

mg/kg (1v) for conjugates and only 8 mg/kg (1v) for frec drug (41).

Transferrin-Drug Conjugates in Human Patients
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There are two clinical reports of transferrmn-drug conjugates. The first, published
in 1990, was a preliminary study of seven acute leukemia patients treated intravenously
with 1 mg/day of glutaraldehyde-prepared transferrin-doxorubicin conjugates for 5 days.
With these low doses, there were no toxic effects and the number of leukemic cells in
peripheral blood of the 7 patients decreased by 86% within 10-days following therapy
(77). In addition, there was no extension of disease as assessed by examination of bone
marrow biopsies before and after treatment.

The second, published by the NIH in 1997, mnvolved 15 patients with recurrent
brain cancers treated with thioether-bonded transferrin conjugates of a genetic mutant of
diphtheria toxin (44). The conjugates were delivered by high-flow interstitial
micromfusion, which has been shown to produce effective perfusion of radiolabeled
transferrin 1n primate brains with minimal mflammatory responses (78). Magnetic
resonance 1maging revealed at least a 50% reduction in tumor volume in 9 of the 15
patients, including 2 cases of complete remission (44).

There is an unpublished clinical study of 23 patients with advanced ovarian cancer
who were randomized 1nto test (12 patients) and placebo (11 patients) groups. The test
group recerved transterrin-doxorubicin conjugates equivalent to 1 mg doxorubicin per day
on days 15 through 19 of monthly treatment cycles. A significant difference was revealed
by Cox regression estimates of survival rates for patients treated with transferrin-
doxorubicin conjugates when the time between diagnosis and randomization was 18
months.

Another unpublished study 1s a 22-year old male with metastatic disease from a
sarcoma of his right atrium who was treated by conventional protocols without response.
His lungs were filled with metastatic lesions when his physician father obtained an IND
from the FDA for the use of transferrin-doxorubicin conjugates, and treatment was begun
in August, 2000. By November, the lungs were substantially cleared of metastatic
lesions, and by January there was no radiological evidence of tumor. He presently
(August 2001) is active, receiving only transferrin-doxorubicin.

The targeted delivery of drugs has the advantage of increasing efficacy while
using less drug, thereby decreasing toxicity and causing less damage to normal cells, all
of which effectively decrease costs and increase the quality of patient care. Targeted
delivery also avoids drug-resistance, which is activated by the non-specific entrance of

drugs. into cells (79). Because transferrin-drug conjugates enter cells specifically by
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employing a receptor-specific pathway (80,81), they are trafficked around drug-resistance
mechanisms, such as efflux pumps in resistant cells.

It was reported in 1992 that transferrin-doxorubicin conjugates effectively kill
multi-drug resistant cells (82). This finding was confirmed in 1993 (83), and was
extended to several types of drug-resistant cells in 1994 (84), 1996 (85) and 2000 (86).
Preparation of Transferrin-Drug Conjugates.

A method for the preparation of transferrin-doxorubicin conjugates was published first i

1984 (38), following which there have been many reports of methods for the preparation of

transferrin-drug conjugates, some of which are listed in the following Table.

Transferrin Label Method Used References Transferrin Label Method Used  References
Doxorubicin Glutaraldehyde 38,39,40 Titanium Carbonate 48
Doxorubicin Maleimide 41 Insulin Disulfide 49
Mitomycin C Glutaryl Spacer 42 Gallium Carbonate 50
Neocarzinostatin Succinimide 43 Platinum Methionine 51
Diphtheria Toxin Thioester 44 Saporin/ricin Succinimide 52
Chlorambucil Maleimide 45 Ruthenium Bicarbonate 53
Paclitaxol Glutaraldehyde 46 Growth Factor Fusion Protein 54
Daunorubicin Glutaraldehyde 47 HIV Protease Recombinant 55

Transferrin conjugates of doxorubicin can be prepared by using glutaraldehyde-
mediated Schiff base formation (56,57), which forms an acid-resistant bond between
epsilon-amino lysine groups of transferrin and the 3’amino position of doxorubicm. Such
conjugates of doxorubicin can kill cancer cells through a plasma membrane-mediated
mechanisms (for review, see reference 58). Although DNA intercalation is an established
mechanism of cell death by doxorubicin, immobilized doxorubicin on carriers, such as
dextran, activate plasma membrane-mediated mechanisms to kill cells (59,60). It thus
appears that conjugates of doxorubicin with transferrin kill cells by activating plasma
membrane-mediated mechanisms that mvolve both doxorubicin and transferrin receptors.

The ability of non-antibo dy proteins such as transferrin conjugated with anticancer
drugs to target cancer cells and to kill drug-resistant cells efficiently has been found to
depend on the molecular ratio of drug-to-transferrin. Excessive loading of a protein such
as transferrin with bio-affecting molecules is believed to interfere with the protein’s
ability to dock with receptors. Under-loading of such a protein is believed to result m
receptors being filled with proteins that do not carry drugs, a phenomenon known as
blocking. Contemporary techniques for the preparation of transferrin-drug conjugates do
not allow for the production of conjugates with predetermined ratios. Presently available
procedures provide a heterogeneity of conjugates, including a large percentage that are

either excessively loaded or that are under loaded. Isolation of a relatively small useful
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fraction from the presently available manufacturing procedures results in very low yields
of clinically usable molecules and very high production costs. The expense involved
causes the production and use of an otherwise effective cure for cancers and other
conditions causing cells to undergo stress to be economically unattractive, thus denying
the benefits of the material to most patients. There is a need for a high volume and lower
cost method of making such conjugates.

SUMMARY OF THE INVENTION

It 1s apparent that drugs combined with targeting agents have a generic possibility
of changing how drugs are delivered, as well as a specific possibility of changing how
drugs are delivered to cancer patients. However, it is a problem that it hitherto has not
been possible to synthesize large amounts of homogeneous conjugates with
predetermined and consistent numbers of drug molecules per molecule of protein. This
and other problems with known methods for making and using conjugates of proteins,
such as transferrin, ceruloplasmin , vitamins, vitamin binding proteins, hormones,
cytokines, low density lipoproteins, and growth factors, with anticancer drugs
(e.g.cytostatic or cytotoxic agents, photosensitizers, heat sensitizers, and apoptosis
inducing compounds) are solved by the present invention.

In one aspect the present invention comprises a material for treating diseased cells
wherein the material includes a substantially homogeneous and predetermined ratio of a
protein capable of binding with receptors up regulated by cells in response to the disease
conjugated with a bio-affecting molecule.

In yet another aspect, the invention comprises forming a bio-affecting molecule-
linker moiety wherein the linker is capable of further reacting with a protein and linking
the moiety to a protein wherein the protein can bind with cells stressed by disease and
wherein the bio-affecting molecule treats the cell or makes the cell visible to imaging
techniques. In still another aspect, the invention comprises a method for treating cells
having a relatively high attraction for the protein by contacting such cells with the
material.

DETAILED DESCRIPTION OF THE INVENTION

The presently preferred method comprises adding a bio-affecting material, such
as an anticancer drug, to a linker such that there is a controlled ratio of bio-affecting
material connected to each linker molecule. The drug-linker material is added to a
protein such as transferrin, vitamins, vitamin binding proteins, hormones, cytokines, low-

density lipoproteins, and growth factors in amounts to achieve a desired molar ratio. In
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the presently preferred process the linker is glutaraldehyde. Glutaraldehyde was selected

10

15

20

25

30

as a linker because its presents only two reaction sites and because its reaction kinetics
favor the attachment of only one bio-affecting molecule to each linker molecule. Excess
glutaraldehyde may be scavenged with, for example, ethanolamine following formation
of the conjugate.

The present invention relates to homogeneous conjugates with a predetermmed
and consistent number of anfitumor agent or other bio-affectimg molecule per molecule of
protein targeting agent. The targeling agents according to the present invention inciude
but are not limited to transferrin, ceruloplasmin, vitamins, vitamin binding proteins,
hormones, cytokimes, low density lipoproteins, and growth factors. The anti-tumor agent
or other bioaffecting molecule mcludes but 1s not limited to cytotoxic agents such as
doxorubicin, methotrexate, vincristin, daunomycin, 6-mercaptopurine, cytosine

arabinoside, and cyclo phosphamide, heat sensitizers such as hematophorphyrine and

low-dose verapamil, apoptosis inducing compounds such as deferoxamine,
photosensitizers such as porfimer sodium, metatetrahydroxyphenylchlorin, and
hematophorphyrin derivatives, and 1maging matenals such as i1sotopes, tluorescent
molecules and radio opaqing materials Preferably the targeting agent 1s transterrin and
the anti-tumor agent is doxorubicin.

Conjugates which include imaging materials are described in U.S. Patent Nos.

4,895,714, 1ssued on January 23, 1990, and 5,000,935, 1ssued m March 19, 2001 .

Suitable 1sotopes include but are not limited to

iodine, gallium, indium, and yttrium, preferably '*°I., 'T, 1'In, ?°Y, and *'Ga.

The mvention also relates to efficient and economical methods for preparing

substantially homogeneous conjugates having a predetermined and consistent number of

antitumor agents or other bio-affecting molecules per molecule of protein targeting agent.

This process substantially reduces, and 1n most cases virtually ehminates the production
of polymers and dimers of transferrin or aggregates of transferrin drug conjugates, thus
yielding a narrow range of drug-protein ratios. The present invention substantially

decreases production costs and increases efficiency while mcreasing the effectiveness of

the conjugate 1n medical applications. The substantially homogeneous conjugates
according to the present mvention result from a process beginning with the formation of
reactive drug-hnker complexes. In this illustration of the process the bio-affecting
material 15 doxorubicin and the linker 1s glutaraldehyde. It will be understood that

other bio-affecting materials and linkers will also be useful.
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The synthesis of large amounts of homogeneous transferrin-doxorubicin
conjugates with predetermined molecular ratios was done stoichiometrically by
employing the only amino group of doxorubicin (DOX), which is at the 3> amino
position, to react with one of the two reactive groups on glutaraldehyde (GLU). Thus, the
first step was drop-wise addition of a saline solution of DOX into a saline solution of
GLU containing a solvent such as DMSO or another suitable cryopreservative, to a final
concentration of a 1:1 molar ratio of DOX-to-GLU. The resulting solution of DOX-GLU
was stured three hours at room temperature in the dark.

The molarities of DOX and GLU were the same in the above reaction in order to
produce a final solution of DOX-GLU that contains neither free DOX nor free GLU.
However, there 1s the possibility of free GLU in solution if one GLU reacts with two
DOX to produce DOX-GLU-DOX, but this possibility is minimized by the mass action
kinetics generated by drop-wise addition of monovalent DOX into the solution of bivalent
GLU. The volumes of these reactants are not restricted, so large amounts of homogeneous
DOX-GLU can be prepared.

The second step in the conjugation reaction was drop-wise addition of DOX-GLU
into a saline solution of transferrin (TRF). The TRF can be either iron-free (apo-
transferrin) or iron-saturated (holo-transferrin). The desired molar ratio of DOX to TRF
was obtained by appropriately adjusting the volume of TRF. The resulting solution of
TRF-GLU-DOX was stirred for 20 hours at room temperature in the dark. Unlike the
reaction of DOX with GLU, the reaction of DOX-GLU with TRF is not restricted to one
bmding site, for the GLU component of DOX-GLU can react with any one of several
epsilon-amino lysine groups in the TRF molecule.

The number of DOX molecules bound to TRF was determined in the second step.
For example, if the starting ratio of DOX-GLU to TRF was 7.2:1.0, the final solution of
TRF-GLU-DOX would have contained 2.5 molecules of DOX per molecule of TRF.
However, 1f the starting ratio of DOX-GLU to TRF was 4.0:1.0, the final solution of
TRF-GLU-DOX would have contained 1.4 molecules of DOX per molecule of TREF.
Similarly, i1f the starting ratio of DOX-GLU to TRF was 2.5:1.0, the final solution of
TRF-GLU-DOX would have contained 0.9 molecules of DOX per molecule of TRF. In
this way, large amounts of TRF-GLU-DOX with predetermined ratios of DOX-to-TRF
can be provided according to the need.

Further steps 1n the conjugation reaction were the addition of ethanolamine or

another substance suitable for scavenging any excess linker, followed by centrifugation
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and dialysis. Although reactions with DOX and TRF theoretically consume all of the
GLU, ethanolamine was added to the final reaction mixture to bind any available GLU.
This reaction was allowed to continue for 30 minutes in the dark. The final solution was
centrifuged at 2000 rpm for 10 minutes, dialyzed twice for 6 hours in a 100-fold excess of
saline and three times in the same excess of Hepes buffered saline, and the resuliing TRF-
GLU-DOX conjugates were ready for use.

Biochemical Characterization of the Conjugates:

By using HPLC and polyacrylamide gel electrophoresis as described in (39), the
homogeneity of TRF-GLU-DOX conjugates can be determined. Also, by using
spectrophotometry as described in (89), the molecular ratio of DOX-to-TRF can be
determimed. These techniques repeatedly have revealed a consistent homogeneity of the
TRF-GLU-DOX conjugates. In addition, chromatography is not required in the
preparation of these conjugates, because there are no aggregates or fragments. This allows
for the preparation of large volumes of homogeneous transferrin-drug conjugates, which
mcreases yields and decreases costs.

The expenses caused by losses of TRF and DOX in other types of transferrin-drug
conjugates have been an impediment to their use. For example, yields of DOX and TRF
are decreased by using procedures such as thiolation (44) that alter the drug and/or
protein. Yields also are decreased by using solvent systems (86) and by chromatography
used to prepare acid-stable and acid-labile linkages (41). The GLU bond between DOX
and TRF 1s acid-stable (89), and yields of DOX and TRF in TRF-DOX conjugates
prepared according to this invention are high. Indeed, compared to other procedures (38,
39, 40), the yield for TRF is nearly doubled (90% vs 50%), and the yield for DOX is
increased 5-fold.

None of the previously known approaches to the preparation of transferrin-
doxorubicin conjugates are capable of producing large amounts of homogeneous
conjugates with predetermined ratios of the number of drug molecules per molecule of
transferrin. In addition, the other approaches employ chromatography to eliminate
aggregates and to harvest fractions that are enriched in homogeneous conjugates. These
procedures decrease yields, increase costs, and lack the ability to predetermine molecular
ratios.

Another procedure would be to mix one milliliter of transferrin (0.5 mM) with one
milliliter of deferoxamine (8.5 mM) in 150 mM sodium chloride for 4 minutes, and then
add one millliter of 21.5 mM glutaraldehyde in 150 mM sodium chloride and mix 4
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minutes. The preceding reaction is a coupling procedure, which is stopped by the
additon of 0.8 mulliliters 0f37.2 mM ethanolamine i 150 mM sodium chloride and 10
mM Hepes buffer (pHS8) and vortexed for 4 mmutes. The nuxture (3.8 mulliliters) then is
transferred to dialysis tubing (molecular weight cutoff of 12,000-14,000), and dialyzed
against 0.5 liters of Hepes-buffered saline in the dark at 5°C for 3 hours. The dialysis

should be repeated at least once with fresh Hepes-buffered saline. The mixture then 1s
centrifuged at 1600g for 10 miutes at 4°C and the supernatant 1s chromatographed at a
flow rate of 22 milliliters per hour on a 2.6 x 34 cm column of Sephzrlro?z/:| CL-4B,
previously equilibrated in Hepes-buffered saline and calibrated at 5°C with blue dextran,

transferrin and cytochrome C. Elution from the column 1s monitored at 280 nm, and 3.8

nhliter fractions are collected. The concentration of transferrin and deferoxamine m

each fraction is calculated by successive approximation from standard curves from
transterrin and deferoxamine, determined by usmg 280 nm for transferrin and 356 nm for
deferoxamine. With minor modifications, this coupling procedure can be used to prepare
targeting protein conjugates of other iron chelating drugs, such as protein conjugates of
hydrophobic reversed siderophores.
Characterizing the Conjugates

After the pure drug-protein conjugates are 1solated, they are characterized by
polyacrylamide gel electrophoresis to determine their molecular weight, and the number
of drug molecules per protem molecule is determined. The exact number of drug
molecules per transferrin molecule can be determined, using any suitable technique
mcludmg but not limited to spectrophotometric techniques. A functional drug:protein

ratio is between about 0.1:1.0to 3.0:1.0 (Berczi et al.; Arch Biochem Biophys 1993,

300:356). The conjugates are checked to determune if they bind to receptors on the

surface of tumor cells, and to determine if the conjugates kill cancer cells but not normal

cells. Only conjugates that bind to cancer cells and not to normal cells are selected for
toxicity tests using drug-sensitive and drug-resistant cancer cells. The binding studies
can be done by using flow cytometry or any other suitable method, and the killing studies
can be done by using mucroculture techniques to determine the concentration of free drug

required to kill 50% of a culture of cancer cells compared to the concentration of drug 1n

the drug-protein conjugates required 1o kill the same number of cancer cells. When

testing the heat sensitizer conjugates, the toxicity test is done by usmg the MIT

tetrazolium colorimetric assay (Visitica et al., Cancer Res 1994; 51: 2515). These toxicity

tests determine the most potent transferrin sensitizer ratio and the optimum concentratton
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of conjugate for maximum heat sensitization of drug sensitive and drug resistant cells.
Approximately 10-fold more free drug compared to drug in the drug-protein conjugate is
required to kill the same number of cells.

While the above description refers to transferrin as being the delivery protein, it is
known that other proteins exist in the body which are capable of binding to receptor sites
on cells. If such areceptor site is activated in cancer cells and is inactive in normal cells,
then any protein or other molecule (i.e., ligand) that binds to such a receptor site can be
used to deliver the drugs used in the present invention. An example of such a binding
protein is transcobalamin, which delivers vitamin B12 to transcobalamin receptors on
cells, mcluding cancer cells (Seetheram, Ann Rev Nutr 1999; 19:173). Low density
lipoprotein 1s another ligand that has been conjugated to the photosensitizer chlorin and
targeted to low density lipoprotein receptors on retinoblastoma cells (Schmidt-Erfurth et
al., Brit J Surg 1997; 75:54).

After the drug-protein conjugate has been prepared, purified, characterized and
validated for cellular binding and killing properties, and, when the binding and killing
experiments show that the conjugate binds to and kills cancer but not normal cells, the
conjugate 1s then aliquoted and sterilized. The sterilization process can be done by any
surtable method including but not limited to exposure to irradiation, such as by using a
cesium irradiator, or by using Millipore filtration techniques.

According to a further aspect of the present invention, there is provided a reagent
kit for the treatment of tumors, comprising iron-bearing transferrin and a homogeneous
conjugate with a predetermined and consistent ratio of antitumor agent molecules per
molecule of transferrin. The patient's normal cells which have transferrin receptors may
be protected against the effects of the conjugate by saturating these receptors with the
iron-bearing transferrin before administration of the homogeneous conjugate.

The present mnvention also provides a process for determining the susceptibility of
tumor cells to anti-tumor agents, comprising administering separately to portions of said
tumor cells homogeneous conjugates of transferrin with a number of different anti-tumor
agents. A reagent kit comprising a number of such different conjugates may be provided
for this purpose. Because the homogeneous conjugates of the present invention are taken
up extremely rapidly by tumor cells, cells may be tested against a range of homogeneous
conjugates of a targeting protein with different anti-tumor agents. Such a process
increases the efficiency of any subsequent chemotherapy and enables it to be started

quickly afier isolation of the tumor cells.
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As used in the present document, the term “substantially homogeneous
conjugates™ means that the conjugates can be used without further purification to remove
protein dimers, polymers or aggregates. In other words, little or no protein dimers,
polymers or aggregates are present.

The substantially homogeneous conjugates according to the present invention are
administered to an animal in an effective amount. In treating cancer, an effective amount
includes an amount effective to: reduce the size of a tumor; slow the growth of a tumor;
prevent or inhibit metastases; or increase the life expectancy of the affected animal. The
present mvention provides for a method of treating a variety of cancers including but not
limited to leukemia, breast cancer, ovarian cancer, pancreatic cancer, lung cancer, bladder
cancer, gastrointestinal cancer, nasopharyngeal cancer, cervical cancer, myeloma,
lymphoma/melanoma, glioma, or astrocytoma. The dosage for the homogeneous
conjugates can be determined taking into account the age, weight and condition of the
patient and the pharmacokinetics of the anti-tumor agent. The amount of the
homogeneous conjugate required for effective treatment will be less than the amount
required using the anti-tumor agent alone. For example, the dosage of a conjugate (;f
transferrm-doxorubicin 1s expected to be between 0.5-50mg per 28 day period for a 150
pound (68 kg) person. The dosage can be divided and administered as smaller doses at
varying intervals during the 28 day period.

The pharmaceutical compositions of the invention can be administered by a
number of routes, mcluding but not limited to orally, topically, rectally, ocularly,
vaginally, by the pulmonary route, for instance, by use of an aerosol, or parenterally,
including but not limited to intramuscularly, subcutaneously, intraperitoneally, intra-
arterially or mtravenously. The compositions can be administered alone, or can be
combined with a pharmaceutically-acceptable carrier or excipient according to standard
pharmaceutical practice. For the oral mode of administration, the compositions can be
used m the form of tablets, capsules, lozenges, troches, powders, syrups, elixirs, aqueous
solutions and suspensions, and the like. For parenteral administration, sterile solutions of
the homogeneous conjugate are usually prepared, and the pHs of the solutions are suitably
adjusted and buffered. For intravenous use, the total concentration of solutes should be
controlled to render the preparation isotonic. For ocular administration, ointments or
droppable liquids may be delivered by ocular delivery systems known to the art such as
applicators or eye droppers. For pulmonary administration, diluents and/or carriers will

be selected to be appropriate to allow the formation of an aerosol. It is preferred that the
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conjugate of the present invention be administered parenterally, i.e. intravenously or
intraperitoneally, by infusion or injection.

Preferred embodiments of the present invention are described below. It will be
apparent to those of ordinary skill m the art after reading the following description that
modifications and variations are possible, all of which are intended to fall within the

scope of the claims.

Example 1
Preparation of a homogeneous transferrin-doxorubicin conjugate

The synthesis of large amounts of homogeneous transferrin-doxorubicin
conjugates with predetermined molecular ratios was done stoichiometrically by
employing the only amino group of doxorubicin (DOX), which is at the 3’ amino
position, to react with one of the two reactive groups on glutaraldehyde (GLU). Thus, the
first step was drop-wise addition of a saline solution of DOX into a saline solution of
GLU contamning a solvent such as DMSO to a final concentration of a 1:1 molar ratio of
DOX-to-GLU. The resulting solution of DOX-GLU was stirred three hours at room
temperature 1n the dark.

The molarities of DOX and GLU were the same in the above reaction in order to
produce a fial solution of DOX-GLU that contains neither free DOX nor free GLU.
However, there 1s the possibility of free GLU m solution if one GLU reacts with two
DOX to produce DOX-GLU-DOX, but this possibility 1s minimized by the mass action
kinetics generated by drop-wise addition of monovalent DOX into the solution of bivalent
GLU. The volumes of these reactants are not restricted, so large amounts of homogeneous
DOX-~GLU can be prepared.

The second step m the conjugation reaction was drop-wise addition of DOX-GLU
into a saline solution of transferrin (TRF). The TRF can be either iron-free (apo-
transferrin) or iron-saturated (holo-transferrin). The desired molar ratio of DOX to TRF
was obtained by appropriately adjusting the volume of TRF. The resulting solution of
TRF-GLU-DOX was stirred for 20 hours at room temperature in the dark. Unlike the
reaction of DOX with GLU, the reaction of DOX-GLU with TRF is not restricted to one
bmding site, for the GLU component of DOX-GLU can react with any one of several
epsilon-amino lysine groups in the TRF molecule.

The number of DOX molecules bound to TRF was determined in the second step.
For example, if the starting ratio of DOX-GLU to TRF was 7.2:1.0, the final solution of
TRF-GLU-DOX would have contained 2.5 molecules of DOX per molecule of TRF.
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However, if the starting ratio of DOX-GLU to TRF was 4.0:1.0, the final solution of
TRF-GLU-DOX would have contained 1.4 molecules of DOX per molecule of TRF.
Similarly, if the starting ratio of DOX-GLU to TRF was 2.5:1.0, the final solution of
TRF-GLU-DOX would have contained 0.9 molecules of DOX per molecule of TRF. In
this way, large amounts of TRF-GLU-DOX with predetermined ratios of DOX-to-TRF
can be provided according to the need.

Further steps in the conjugation reaction were the addition of ethanolamine,
tollowed by centrifugation and dialysis. Although reactions with DOX and TRF
theoretically consume all of the GLU, ethanolamine was added to the final reaction
mixture to bind any available GLU. This reaction was allowed to continue for 30 minutes
in the dark. The final solution was centrifuged at 2000 rpm for 10 minutes, dialyzed twice
for 6 hours in a 100~fold excess of saline and three times in the same excess of Hepes
buffered saline, and the resulting TRF-GLU-DOX conjugates were ready for use.
Biochemical Characterization of the Conjugates:

By usmg HPLC and polyacrylamide gel electrophoresis as described in (39), the
homogeneity of TRF-GLU-DOX conjugates can be determined. Also, by using
spectrophotometry as described n (89), the molecular ratio of DOX-to-TRF can be
determined. These techniques repeatedly have revealed a consistent homogeneity of the
TRF-GLU-DOX conjugates. In addition, chromatography is not required in the
preparation of these conjugates, because there are no aggregates or fragments. This allows
for the preparation of large volumes of homogeneous transferrin-drug conjugates, which
increases yields and decreases costs.

The expenses caused by losses of TRF and DOX in other types of transferrin-drug
conjugates have been an impediment to their use. For example, yields of DOX and TRF
are decreased by using procedures such as thiolation (44) that alter the drug and/or
protein. Yields also are decreased by using solvent systems (86) and by chromatography
used to prepare acid-stable and acid-labile linkages (41). The GLU bond between DOX
and TRF 1s acid-stable (89), and yields of DOX and TRF in TRF-DOX conjugates
prepared according to this invention are high. Indeed, compared to other procedures (38,
39, 40), the yield for TRF is nearly doubled (90% vs 50%), and the yield for DOX is
increased S-fold.

None of the previously known approaches to the preparation of transferrin-
doxorubicin conjugates are capable of producing large amounts of substantially

homogeneous conjugates with predetermined ratios of the number of drug molecules per
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molecule of transferrin. In addition, the other approaches employ chromatography to
eliminate aggregates and to harvest fractions that are enriched in homogeneous
conjugates. These procedures decrease yields, increase costs, and lack the ability to
predetermine molecular ratios.

In Vitro Characterization of the Conjugates.

Conjugates of TRF-GLU-DOX prepared according to this invention have the
ability to bind and kill cancer cells but not normal cells. By using flow cytometry as
described m (39), these conjugates have been shown to bind cultured human cancer cells
and not normal peripheral blood lymphocytes. Also, by using cell culture techniques as
described in (39), the TRF-DOX conjugates have been shown to kill cultured human
cancer cells but not normal cells. These procedures also serve as quality controls for the
homogenous TRF-GLU-DOX conjugates described herein.

The TRF-GLU-DOX conjugates described in this patent also have the ability to
kill drug-resistant cancer cells. Earlier experimental data indicated that other conjugates
of TRF with anticancer drugs can kill multi-drug resistant human cancer cells by binding
transferrin receptors (82), and that such resistant cells have been shown to have more
transferrin receptors on their surfaces than do drug-sensitive cells (90). Though presently
unpublished and unreported, the TRF-GLU-DOX conjugates described herein have been
found to uniformly bind and kill drug-resistant cells. Thus, homogeneous TRF-GLU- -
DOX conjugates with predetermined molecular ratios, such as those described herein,
provide clinically useful molecules for killing both drug-resistant and drug-sensitive
cancer cells by uniformly and consistently binding transferrin receptors.

In Vivo Characterization of the Conjugates:

Nude mice xenografted with human drug-resistant human mesothelioma cancer
cells survived significantly longer when they were treated with TRF-DOX conjugates
than when they were treated with free DOX (75), providing proof-of-principle that
transferrin-drug conjugates kill drug-resistant human cancer cells in a mouse model.
However, these results are dependent on the ability to produce large amounts of
homogeneous TRF-DOX conjugates containing a predetermined number of DOX
molecules per molecule of TRF.

In unpublished experiments using TRF-DOX conjugates prepared as described
herem, nude mice xenografted with lethal doses of drug-sensitive and drug-resistant
human cancer cells survived significantly longer when treated with TRF-DOX conjugates

than when treated with placebo (i.e., albumin), unconjugated TRF or free DOX. Inthese
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experiments, mice with drug-resistant tumors received the same dose of TRF-DOX as
mice with drug-sensitive tumors.

| It will be apparent to one of ordinary skill that conjugates can be made with
various linkers and ratios of linker to bio-affecting molecule, all of which are intended
to be within the scope of the appended claims. It will also be apparent that the
method of making such conjugates will also apply when the conjugates include
radioisotopes for imaging or radio-opaqing materials either instead of or in addition to
bio-affecting molecules. The use of the homogeneous conjugates of the present
invention in imaging tumors and in treating tumors with radioisotopes is intended to

be within the scope of the appended claims.
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A method for making a transferrin-doxorubicin conjugate having a predetermined

ratio of doxorubicin to transferrin comprising the steps of:

a) adding a saline solution of doxorubicin, dropwise, into a saline solution of
glutaraldehyde linker material containing DMSO, to a final concentration
of a 1:1 molar ratio of doxorubicin to glutaraldehyde in a manner that
effectively results in the addition of one doxorubicin molecule to one
glutaraldehyde molecule; and

b) adding the doxorubicin/glutaraldehyde combination to transferrin in a
manner that results in a conjugate having a predetermined ratio of
transferrin to doxorubicin;

wherein said transferrin-doxorubicin conjugate is free of dimers, trimers and

aggregates.

The method according to claim 1, further comprising scavenging any excess

glutaraldehyde linker.

A homogeneous material consisting essentially of transferrin conjugated with
doxorubicin in a predetermined ratio of doxorubicin to transferrin molecules made
using the method of claim 1 or 2, wherein said transferrin 1s attracted to receptors

on target cells.

The material according to claim 3, wherein the ratio of doxorubicin molecules to

transferrin molecules is 0.1:1.0 to 8:1.0.

The material according to claim 4, wherein the ratio of doxorubicin molecules to

transferrin molecules is 0.1:1.0 to 4.0:1.0.

The material according to claim 4, wherein the ratio of doxorubicin molecules to

transferrin molecules is 0.2:1.0 to 8.0:1.0.
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The material according to any one of claims 3-6, wherein the material 1s free of

dimers, trimers and aggregates.

A reagent kit for the treatment of tumors, comprising iron-bearing transferrin and

the material according to any one of claims 3-7.

A method for making a conjugate having a predetermined doxorubicin:transferrin

ratio, comprising

a) adding a solution of glutaraldehyde linker molecule drop-wise to solution
of DMSO to produce a first intermediate product,

b) adding a solution of doxorubicin dropwise to said first intermediate
product to a final concentration of a 1:1 molar ratio of doxorubicin to
olutaraldehyde to link one doxorubicin molecule to one glutaraldehyde
linker molecule in a doxorubicin/glutaraldehyde combination to produce a
second intermediate product,

C) adding the second intermediate product to transferrin to produce a third
intermediate product having the predetermined doxorubicin:transferrin
ratio,

d) adding a glutaraldehyde scavenging agent to said third intermediate
product to produce a fourth intermediate product, and

c) filtering said fourth intermediate product to obtain a conjugate having a
predetermined doxorubicin:transterrin ratio,

wherein said conjugate is substantially free of dimers, trimers and aggregates.
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